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Abstract
Oxygen isotope analysis of archaeological skeletal remains is an increasingly popular tool
to study past human migrations. It is based on the assumption that human body chemistry
preserves the δ18O of precipitation in such a way as to be a useful technique for identifying
migrants and, potentially, their homelands. In this study, the first such global survey, we
draw on published human tooth enamel and bone bioapatite data to explore the validity of
using oxygen isotope analyses to identify migrants in the archaeological record. We use
human δ18O results to show that there are large variations in human oxygen isotope values
within a population sample. This may relate to physiological factors influencing the preser-
vation of the primary isotope signal, or due to human activities (such as brewing, boiling,
stewing, differential access to water sources and so on) causing variation in ingested water
and food isotope values. We compare the number of outliers identified using various statisti-
cal methods. We determine that the most appropriate method for identifying migrants is
dependent on the data but is likely to be the IQR or median absolute deviation from the
median under most archaeological circumstances. Finally, through a spatial assessment of
the dataset, we show that the degree of overlap in human isotope values from different loca-
tions across Europe is such that identifying individuals’ homelands on the basis of oxygen
isotope analysis alone is not possible for the regions analysed to date. Oxygen isotope anal-
ysis is a valid method for identifying first-generation migrants from an archaeological site
when used appropriately, however it is difficult to identify migrants using statistical methods
for a sample size of less than c. 25 individuals. In the absence of local previous analyses,
each sample should be treated as an individual dataset and statistical techniques can be
used to identify migrants, but in most cases pinpointing a specific homeland should not be
attempted.
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Introduction
Oxygen isotope analysis is an increasingly popular tool to study past human migrations, and
has now been applied to samples from many time periods and locations [1–3]. However,
there are a number of points that warrant further investigation and clarification in order to
determine the extent to which this technique can be utilised to identify migrants reliably
amongst a ‘local’ archaeological sample. In particular: the degree of intra-sample variation
that can be expected at a specific geographical location is not well-determined; the best
means for identifying statistical outliers (i.e. migrants) in a dataset is uncertain; and the
extent to which the spread in human data obscures differences that would be expected
between populations from differing geographical locations is unclear. By compiling and ana-
lysing published archaeological human oxygen isotope data, this paper considers these three
problems.
We assess the typical intra-sample spread by comparing the isotopic variation found
within archaeological human samples from the same location. Early studies often assumed
that a population consuming local water would have a 2‰ spread due to physiological
variation [3, 4], although using this value as a means of identifying migrants is now less
common. Nevertheless, the typical spread of biomineral isotope values in a population
is an important factor to consider, although difficult to test in a modern population. We
examine this assumption using data from the large number of archaeological studies now
published.
We consider how best to identify migrants in the absence of sufficient pre-existing compara-
tive data by applying various statistical methods to our dataset and comparing the results.
Some researchers have applied statistical methods of outlier identification as if they give a
definitive answer. The use of boundaries does provide a clear “cut-off” point, yet the typical dis-
tribution of data (including human oxygen isotope values) rarely has clear breaks. Rather,
there is usually a continuum of data, and ‘it is often a subjective judgement, as to what consti-
tutes a “sufficient” deviation for a point to be considered an outlier’ [5]. We therefore consider
different methods’ strengths and weaknesses with regards to oxygen isotope analysis of human
remains.
Finally, we consider how the oxygen isotopic variation in human populations and across
geographical regions affects our ability to distinguish between people born in different geo-
graphical locations. The maps of oxygen isotope ratios in modern precipitation show that
large areas of land have similar values, for example the precipitation oxygen isotope ratios of
large parts of Australia, Africa, South America, the Indian subcontinent and southern North
America, plus parts of China, South-East Asia, the Near East and southern Europe fall within
a few permil of -5‰ [6]. When one further considers that physiological variation and cultur-
ally mediated modification of ingested water will increase the variation in human values
compared to that of the average local precipitation, plus the possibility of the importation
of water and food, we begin to question whether it will be possible to distinguish between
locals and migrants. By considering the collated published data by location, we assess the
extent to which it is possible to distinguish between individuals from different locations
within Europe.
The main concern of this paper—the need to be rigorous in the identification of outliers—is
illustrated with regard to human oxygen isotopic values in archaeology, but is equally pertinent
to other isotope systems used in geolocation (e.g. strontium, hydrogen, as well as oxygen) and
in many fields beyond archaeology, including forensics (human and wildlife) and ecology (e.g.
migration patterns).
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Background
Oxygen isotopes from precipitation to the body
Oxygen isotopes in mammalian tissues reflect the isotope values of the water ingested (as water
or from food) at the time of tissue formation [7]. Usually, ingested water closely approximates
the isotopic composition of the local meteoric precipitation, which varies geographically and
temporally. The reasons for the spatial and temporal variations in the oxygen isotope ratios of
precipitation have been discussed in detail elsewhere [8], hence only a brief summary will be
presented here. The isotopic variation in precipitation on Earth is largely explained by Rayleigh
fraction that occurs within air masses. Water containing 18O preferentially condenses out, leav-
ing the vapour phase relatively enriched in the lighter isotopologue. As more ‘heavy’ water is
removed from the system, the remaining vapour becomes progressively lighter. The isotopic
composition of precipitation at a given location is related to a number of environmental
parameters, such as latitude, altitude, distance to coast, amount of precipitation, surface air
temperature and season [9, 10]. Of these, two factors are particularly noteworthy—the oxygen
isotope value of precipitation is strongly positively correlated with surface temperature at high
latitudes and in tropical regions it is negatively correlated with the amount of rainfall [11].
These factors also cause temporal variations associated with past climatic changes in a given
location, allowing oxygen isotopes to be used as a palaeoclimatic indicator but limiting the
comparability of results for migration studies (e.g. [12, 13]).
The δ18O of groundwater generally reflects the average isotopic composition of the precipi-
tation that fell recently in the local source area [14]. Nevertheless, variations between precipita-
tion and groundwater δ18O values can be caused by various factors, including: evaporation
from surface water; fractionation during water movement through the soil or aquifer; exchange
within geologic formations; recharge that occurred in past periods when the isotopic composi-
tion of precipitation was different from at present; and recharge from rivers containing water
derived from high altitude precipitation [14, 15]. There is also short-term oxygen isotope varia-
tion in precipitation—within rain events, seasonally, inter-annually, and decadally [10].
Drinking water is mainly derived from the local groundwater and thus approximates the
local precipitation, however ingested water also includes water from food. The exact proportion
of water obtained via these two routes is variable, is species-specific and depends upon the
amount of water in the foods consumed [16]. Both water drunk and water in food (where it is
locally sourced) derive from local precipitation and thus reflect the local climate [17, 18]. How-
ever, a number of factors may introduce oxygen isotopic variability into food and water
sources. Culturally mediated behaviours can alter the isotope ratio of the water drunk com-
pared to that of the precipitation and groundwater through, for example, boiling, stewing,
brewing and vinification [19]. Milk consumption is also known to have an effect on consumer
δ18O, both human (the “breastfeeding effect” [20]) and animal milks, as milk is enriched in 18O
relative to local water [21], due to the producer’s higher body temperature. Imported food and
drink may have a different δ18O value compared to locally-sourced ingested water [16, 22].
The δ18O of body water is controlled by the δ18O of water entering and leaving the body.
Variations in these inputs and outputs control the fractionation between environmental water
and body water [17, 23, 24]. A direct quantitative relationship between the oxygen isotope
composition of bone phosphate and environmental water has been shown for many mammals,
including humans [17, 18, 25, 26]. The δ18O of mammalian carbonate and phosphate are
linked to that of body water at constant body temperature, although the relationship is not
fully characterised [7] and may be variable, as oxygen isotopic fractionation in humans can be
moderated by a number of physiological factors, such as activity, smoking, metabolic rate and
disease [27–31].
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Oxygen isotopes can be measured in any human or animal body tissue [12, 18, 32–34], but
in archaeological contexts the measured tissues are most often biological apatites (bioapatite)
in bone or tooth enamel. In bioapatite, oxygen isotopes can be measured in carbonate or phos-
phate; while phosphate is less susceptible to diagenetic alteration, carbonate analysis is simpler,
quicker and cheaper (and also allows the determination of δ13C values, reflective of diet). As
tooth enamel is relatively resistant to diagenetic alteration, carbonate analysis of tooth enamel
bioapatite is generally considered valid, while carbonate analysis on bone should be avoided as
it is subject to diagenetic alteration [35–38].
Oxygen isotopes as a method of identifying migrants
Assumptions of the Method. Oxygen isotope analysis has been employed since the early
1990s as a means of identifying migrants in archaeological samples [39]. As there are geograph-
ical variations in the isotope ratios of environmental water, we can identify individuals whose
oxygen isotope ratios are different from those expected at the place of burial. Thus the tech-
nique is based on two assumptions: 1. that precipitation in different geographical areas have
different oxygen isotope ratios; and 2. that these signals are incorporated within human bodies
in such a way that the differences in oxygen isotope ratios of precipitation between areas are
preserved. The former of these assumptions is well studied (for example, by the Global Net-
work of Isotopes in Precipitation project [40]) with mean annual oxygen isotope distribution
maps showing clear variation across the globe, although there are large swathes of land that
have similar oxygen isotope ratios in their precipitation [6]. These have been used as reference
datasets for archaeological applications of oxygen isotope values as a marker of human
movement.
Less well studied is the second assumption, that the local precipitation oxygen isotope sig-
nals are incorporated within human body tissues in such a way that differences in oxygen iso-
tope signals between geographical areas are preserved. This requires that the oxygen isotope
values of drinking water mirror that of the average local precipitation and that the incorpo-
ration into human body tissues is similarly faithful, such that variation introduced through
human physiology does not obscure geographical patterns. There are various reasons why the
former may not hold true in all cases, including that groundwater has a different oxygen iso-
tope ratio to precipitation, the consumption of non-local food and drink, and human alteration
of water oxygen isotope values through brewing and so forth, as mentioned above. Further-
more, the seasonal and inter-annual oxygen isotope variation in precipitation will be reflected
(though likely dampened) in drinking water and food sources, which will introduce variation
into consumer tissues relating to the particular period in which the tissue formed (and remod-
elled). Such signals are clearly seen in faunal hypsodont teeth [41, 42], and it is probable that
some such temporal isotopic variation occurs in human teeth, which mineralise relatively rap-
idly in an incremental fashion. Even presuming that a population is consuming food and water
that is isotopically indistinguishable from that of the local precipitation, there is likely to be
some degree of physiological variation introduced (i.e. ‘noise’ added to the dataset) through
intra-individual variability in body processes, as well as potential isotopic differences between
different bioapatite matrices (tooth vs. bone), as has been observed for different protein pools
within the body [43]. Beyond this, the method of sampling when taking a bulk enamel signal to
gain an ‘average’ δ18O value may well influence the measured isotopic result [44].
Because of these issues, and the difficulties associated with conducting modern studies on
bioapatite, it remains unclear what spread of oxygen isotope values is to be expected within an
archaeological sample. It is therefore difficult to identify the individuals who do not have typi-
cal δ18O values for a given location, that is, the migrants: in mathematical terms, it is difficult
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to distinguish outlying values (anomalies) from the noise in the dataset. It is also not possible
to assess the validity of identifying ‘homelands’–while the oxygen isotope precipitation maps
give a clear indication of modern annual average precipitation δ18O values, this picture will be
‘blurred’ to a greater or lesser extent by the variation inherent in a human population. It is
these three problems—the variation in a sample of a population, how to identify outlying val-
ues, and the amount of variation in human values due to geography—that we address in this
paper.
Methods used to Identify Migrants: 1. Prior Knowledge of Variation. There are several
approaches by which bioarchaeologists identify someone as a migrant using bioapatite oxygen
isotope data. These fall into two main groups—those that require prior knowledge about oxy-
gen isotope values at geographical locations (such as that of the burial location, as well as
possible originating locales) and those that are based on statistical methods of identifying indi-
viduals who are outliers within a sample.
The first set of approaches assesses whether an individual’s oxygen isotope value matches
that expected for someone born and raised in the local area. This has been typically done in
two ways: firstly, assessing the degree to which the estimated water oxygen isotope value that
an individual consumed in childhood is concomitant with that of the local water oxygen iso-
tope value (e.g. [45]), and secondly, the degree to which the individual’s oxygen isotope value
matches that of previously analysed individuals born and raised in the local area (e.g. [46]).
Both of these approaches require knowledge of the oxygen isotopic ‘local range’ or ‘local signal’,
either in water or in human bioapatite, and are often used in conjunction with each other.
Where a comparison is made to the local water oxygen isotope signal, it is good practice
that the definition of this ‘local signal’ considers all available water, including any minor water
sources that may have been present in the past, as well as water that has been treated in such a
way that the oxygen isotope value may have changed (for example boiled or used to make alco-
holic beverages [19]). The ‘local water signal’ is usually determined from estimations based on
modern water (such as the GNIP database [40], see also [47]), with the limitation that this does
not account for climatic changes altering the oxygen isotope values of the precipitation through
time. A ‘local signal’may also be derived from local faunal δ18O values, converted to a water
δ18O equivalent [48], although this method introduces uncertainty associated with conversion
of data and assumes that animals and humans have similar access to the same water source(s).
For comparisons with a ‘local signal’, there needs to be a good knowledge of the relationship
between the water isotope values and the body tissue isotope values, ensuring that it is relevant
to the area and isotope values in question, such that the latter can be converted to the former.
There are several published conversion equations for humans [16–18, 35, 45, 49, 50], which
lead to differing δ18Owater values, making interpretation of the results problematic. There are
also significant concerns with error propagation in conversions of tooth enamel oxygen isotope
values to those of water [51]. These problems have been debated elsewhere and the reader is
referred to [50, 51] for further discussion.
A related approach is to use previously published human δ18O values to define a ‘local
range’ against which to compare the target human oxygen isotope values [46]. This is a more
robust method, since it avoids the problems inherent in the conversion of human oxygen iso-
tope values, but can obviously only be used in regions where a significant number of studies
have previously been published, such as the UK. If such comparative data are unavailable, as is
the case for large regions of the world (see below), then this method is not applicable.
Implicit in many analyses using a ‘local range’ is an assumption about the expected spread
of isotope values in a human population drinking water from the same source. A spread of 2‰
in tooth enamel phosphate δ18O was suggested from early studies [3, 4], however it is now
timely to review this figure using the greater number of publications that are now available.
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Methods used to Identify Migrants: 2. Statistical methods of identifying outliers. The
second set of approaches is statistical, that of identifying outliers in a measured sample of a
population, such that we can say that their tooth enamel oxygen isotope values do not appear
to come from the same “distribution” as the others of the burial sample. The basic premise
behind these techniques is that for a univariate numeric dataset, such as a set of human bioapa-
tite oxygen isotope values, if we can describe the underlying population distribution that repre-
sents the majority of the data, then we can spot those observations that don’t fit, and identify
them as outliers. Mathematical definitions of outliers include “an observation which deviates
so much from the other observations as to arouse suspicions that it was generated by a different
mechanism” [52] or “one that appears to deviate markedly from other members of the sample
in which it occurs” [53] or “unusual observations that do not seem to belong to the pattern of
variability produced by the other observations” [54].
The first step then is to describe the underlying population. However, we must recognise
that when we are analysing human oxygen isotope values from an archaeological site we have
the numeric data of both (what we assume is) the underlying population and any outliers, often
in relatively small numbers. It is therefore imperative that we describe the population in a way
that is not influenced by the outliers, but without the knowledge of which data points are outli-
ers, and that this description is applicable to relatively small sample sizes.
We can describe a sample using “measures of scale”–statistical estimators that allow us to
assess the dispersion of a set of numeric data. Conventional measures of scale, such as variance
(Var) and standard deviation (SD) are very sensitive to outliers. Robust measures of scale
(please see S1 Appendix for definitions), on the other hand, such as the interquartile range
(IQR) and the median absolute deviation from the median (MAD) are relatively insensitive to
outliers. Thus, to describe a dataset that can include both the underlying population and any
potential outliers (in the case of human bioapatite oxygen isotope data), we should use robust
measures of scale (IQR and MAD), not conventional ones (Var and SD).
Once the underlying population has been described, there are a wide variety of outlier iden-
tification methods available [5]. Of these, the classical probabilistic and statistical techniques of
outlier labelling are the most simple for univariate data, and have been widely applied in
archaeological applications of oxygen isotope data. Such methods are based on determining
boundaries calculated from the same statistic by which we describe the sample, and then using
these boundaries to identify outliers (e.g. standard deviations [55] or the IQR [56]). These
methods are powerful when used in appropriate circumstances, however it is critical to note
that the number of outliers identified will change according to the method used, the sample
size and the distribution type of the data [57].
Outlier labelling methods that use conventional measures of scale, such as two standard
deviations from the mean, are sensitive to extreme values, whilst those that use robust measures
are much less sensitive, such as the IQR (Tukey’s boxplot method) and the median absolute
deviation from the median (MAD [58]). The implications of this sensitivity (or not) to outliers
are on the prevalence of false positive and false negative identifications. Labelling methods that
rely on measures of scale that are sensitive to outliers are more likely to give false positive iden-
tifications (thus overestimating outlier percentages) whereas those that are insensitive or robust
to outlier values are more likely to give false negative identifications (thus underestimating out-
lier percentages). When using such statistical methods of outlier labelling, researchers must
recognise that there will always be a trade-off between sensitivity to outliers and false positive
or negative identifications.
Classical probabilistic and statistical techniques of outlier labelling are powerful with large
datasets, but there can be difficulties when applying them to small sample sizes. Sample size is
often overlooked as a factor in describing underlying population distributions, yet can have a
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significant effect on inferences drawn [59]. For a given method, a greater proportion of outliers
are found with small sample sizes than with large ones [57].
It is critical to realise that the choice of an appropriate statistical method also depends on
careful assessment of the assumptions inherent in each method, as well as of the data to be ana-
lysed. All methods assume a single unimodal underlying population (i.e. no bimodality, such as
might occur from consumption of two or more water sources that are isotopically different).
Use of a labelling method based on standard deviations assumes that the data are parametric,
and in larger sample sizes will tend towards identifying 5% as outliers. The IQR and the MAD
methods can be used on non-parametric data, but considers the sample as coming from a sin-
gle population, with little consideration of skewness or potential bimodality in the population.
Clearly all of these methods have their strengths and weaknesses, but it remains unclear
which, if any, of these statistical methods is the most appropriate for identifying migrants in
the archaeological record using oxygen isotope analysis. Here, we test the different methods on
the published datasets on human oxygen isotope values.
The Identification of Potential Homelands. Most studies have not used oxygen isotope
data to identify homelands in isolation, but rather rely on other archaeological or historical
information to limit the possibilities. The isotopic methodology is simple—matching the iso-
tope value obtained for the migrant in question to known geographical patterning in water
oxygen isotope values (whether from large-scale studies such as GNIP, or by undertaking water
measurements as part of the study) or sometimes through comparison to previous isotope
studies of human biomineral. Both of these approaches have limitations, the former in the diffi-
culties of comparing data from human biomineral to that of water, and the latter in requiring
extant comparative data. In both cases the bioarchaeologist can combine prior assumptions
based on archaeological evidence with the scientific data to limit the geographical possibilities
in some way. While in most cases these prior assumptions are valid, the interpretations drawn
can only be described as the most parsimonious explanation of the isotope data, as the values
themselves could be interpreted in other, admittedly less plausible, ways given the large degree
of overlap in (modern) oxygen isotope values in precipitation globally [6]. Here, we undertake
a geographical comparison of human oxygen isotope values in order to quantify the spatial pat-
terning in human oxygen isotope values.
Methodology
We compiled human biomineral oxygen isotope data from published papers and book sections,
over a period beginning in mid-2009 and finishing on 5th June 2015. We included studies
reporting data from specimens of tooth enamel carbonate, tooth enamel phosphate, bone car-
bonate and bone phosphate taken from humans (modern and archaeological) dating from the
Holocene. We excluded (a) studies where the measured value was not reported (only a ‘con-
verted’ value); (b) analyses from human hair and other proteinaceous material (since initial
assessments suggested that they were not comparable to those from bone and teeth apatite);
and (c) individuals dating from before the Holocene. The database used to find the information
for this study was primarily Web of Knowledge, combined with more limited searches on Goo-
gleScholar. Various combinations of the following search terms were used: oxygen, isotop,
human, migration and mobility. The refine function on Web of Knowledge was used to limit
the Research Areas to Archaeology and Anthropology. It should be noted that this study
should not be considered exhaustive, but rather is biased towards data published in English,
searchable onWeb of Knowledge.
The isotope values were entered into an Excel spreadsheet along with published ancillary
information about the site and skeleton (including location data and material type). The
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material analysed (i.e. tooth/bone) was recorded and those specimens from teeth were catego-
rised into teeth unlikely to be affected by any isotope signal from breastfeeding (permanent
premolars, 2nd and 3rd molars) and those more likely to be affected (incisors, canines, 1st
molars and deciduous dentition). Where an individual was represented by more than one spec-
imen, only one δ18O measurement was entered into the spreadsheet (normally the tooth least
likely to be affected by breastfeeding, i.e. one of the permanent premolars, or 2nd or 3rd molars).
We use the term ‘sample’ to describe the isotopic dataset from a collection of specimens taken
from a single site, and define ‘site’ in such a way that specimens taken from the same modern
settlement are grouped as one site in order to increase the sample size per site: for example all
of the data from various sites in York [60–62] are considered to be one site.
All isotope results were recorded in the spreadsheet in their measured form, that is before
any conversions were performed in the publications from which the data were collected. We
then converted the data, where necessary, using the following equations, from carbonate oxy-
gen VPDB to carbonate oxygen SMOW:
d18OðVSMOWÞ ¼ 1:03091  d18OðVPDBÞ þ 30:91 ð1Þ
[63]:
From carbonate to phosphate:
d18OPO4 ¼ 1:0322  d18OCO3  9:6849 ð2Þ
[35]:
The use of two preliminary conversions does introduce some degree of uncertainty, but we
do not formally consider any error propagation. Whilst these two conversions each have statis-
tical errors associated with them, to do with defining the line of best fit through the data points
[51], their correlation coefficient r2 is very close to 1, meaning the associated errors are mini-
mal. Similarly, measurement errors on oxygen isotope values are typically negligible compared
to the calibration errors.
All the data in this paper are compared as phosphate (or phosphate equivalent) oxygen iso-
tope values (δ18OPO4) on the delta scale relative to the international standard VSMOW in units
of permil (‰). We do not convert them to drinking water equivalents due to concerns with
error propagation [50, 51], as well as with the choice of the most appropriate published equa-
tion to convert human phosphate δ18O to δ18Owater [16–18, 35, 45, 49, 50].
To consider typical intra-sample variation in δ18OPO4, we calculated multiple measures of
scale. For each site, the range, standard deviation (SD), inter-quartile range (IQR) and median
absolute deviation from the median (MAD) were calculated and then considered as a function
of the number of analysed individuals (N). For MAD, we used two variants, where the MAD
was scaled assuming normality of the data (MADnorm), and where it was scaled using a value of
b set to 1/Q3 (MADQ3) which does not assume normality of the data (see S1 Appendix for full
details).
We used three statistical techniques to identify outliers within the analysed sample from
each site. We defined boundaries based on three measures of scale for each sample: ±2 standard
deviations from the mean, Tukey’s IQR method (1.5×IQR beyond Q1 or Q3), and 3 times the
median absolute deviation from the median (±3×MAD from median, using both variants). We
refer to these methods as 2SD, 1.5IQR, 3MADnorm and 3MADQ3 in the following text. We also
contrasted this with the 2‰ spread method (outliers are values>1‰ from the sample mean),
thus making a total of five methods of outlier identification for each individual within each
sample. Outlier identifications were only carried out on sites with sample sizes greater than
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four, as sample sizes less than this can give dubious statistical results and because MAD cannot
be calculated for less than five data points.
The European data were compared by modern country (despite the limitations of this spa-
tial approach to archaeological data), latitude, longitude, altitude and modern (interpolated)
precipitation oxygen isotopic values. Both coordinates and altitudes were taken from www.
geonames.org or GoogleEarth. For comparisons, the sites were grouped (binned) either into 5°
grid squares (for latitude and longitude) or 150masl intervals (for altitude) for analysis. Where
possible, the interpolated modern site-specific precipitation δ18O values (hereafter δ18OMAP)
were taken from [64, 65] and extracted using ArcGIS, otherwise they were taken from www.
waterisotopes.org [6, 64, 65]. For comparisons, the human isotope data were grouped (binned)
by the δ18OMAP values in 1‰ intervals (i.e. all the human values that fall into areas with precip-
itation values between -10 and -9‰ constitute one group).
Statistical comparisons were performed using IBM SPSS Statistics version 22 for Macintosh
and RStudio Version 0.99.473 for Macintosh. Samples were tested for normality using histo-
grams and Kolmogorov-Smirnoff and Shapiro-Wilk tests, and for equality of variance using
Levene’s tests. For all comparisons, we used non-parametric tests, as in each case some of the
data violated the assumptions of parametric data. Correlations were calculated using Spear-
man’s Rho tests, which has the test statistic rs. When comparing between groups based on geo-
graphical considerations, we used the rank-based Kruskal Wallis test, with the test statistic H.
The data were also plotted geographically using ArcGIS version 10.2.2 for PC.
Results
Here we first assess the variability of the dataset, then various means for identifying outliers
within it and finally consider geographical patterning.
4085 analysed individuals from 316 sites are included in the dataset. Spatially, they range
from -36.77° to 69.22° latitude and -166.73° to 168.37° longitude. In date they range from c.
5000BC to modern, and are from 57 modern countries. The material types found are bone car-
bonate (626 individuals), bone phosphate (276 individuals), tooth enamel carbonate (1862
individuals) and tooth enamel phosphate (1321 individuals). Full information about each spec-
imen is recorded in the full dataset which has been deposited in the University of Cambridge
data repository (https://www.repository.cam.ac.uk/handle/1810/252773).
The results, analyses and discussions presented below are limited to a subset of the full data-
set (analyses of 2012 individuals), except where specifically stated. This subset (hereafter
referred to as ‘Post-Infant Dentition’ subset or ‘PID’) includes only analyses of teeth unlikely to
have been affected by breastfeeding (permanent premolars, 2nd and 3rd molars). The PID sub-
set does not include any data from bone or any data from teeth that may have formed during
breast-feeding (incisors, canines, 1st molars and deciduous dentition), thus reducing the two
problems of tissue comparability, and confusion between local food/water signals and life-his-
tory traits (infant feeding practices). For the PID data-subset, statistical methods of outlier
identification were applied only to 1873 individuals from 88 sites where N>4. The equivalent
tables and figures for the same analyses on the entire dataset (i.e. all teeth and bone, from 4085
individuals) are presented in the supplementary information (S1 to S9 Figs). In all our analyses
we combined phosphate and carbonate data from teeth. Although phosphate is considered to
be less susceptible to diagenesis and therefore an analytically preferable material to carbonate,
the use of only phosphate analyses would have significantly restricted the sample size, given
that there is a greater corpus of carbonate data than of phosphate. Where absolute values are
mentioned in the text, these are phosphate or phosphate equivalent data, as discussed above.
No attempt has been made to account for temporal variation (as per [13]), as this would limit
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the sample sizes available for comparison. We do not expect this to have a significant impact
on our results as all sites date to the Holocene, however we would raise this as an avenue for
future research when the available sample size has increased. For the majority of our statistical
analyses, we examine intra-site variability, therefore the question of inter-laboratory compara-
bility does not arise, although we acknowledge that such factors as sample preparation and
machine calibration may well be significant [66–68]. Where we do carry out analyses of the
dataset as absolute and not relative values, the data are examined at a large scale, so we consider
that minor inter-laboratory differences are unlikely to have a significant effect.
Degree of Intra-Sample Isotopic Variability
All measures of scale calculated for each site vary considerably, as do the spreads encompassed
by the calculated boundaries of the different outlier identification methods (i.e. 4SD for the
2SD method, 4IQR for the 1.5IQR method and 6MAD for both the 3MADnorm and 3MADQ3
methods) (Fig 1, S1 and S2 Tables). Intra-site range is very varied, up to a maximum of 8.1‰
(at Pica 8, Peru, N = 19 [69]). Only 33 out of 88 sites have a range of less than 2‰ overall and
all of those have a sample size of 25 or less. Across all sites, SD, IQR and MADnorm are all more
consistent than range but all three statistics show a lot of scatter below sample sizes of 25. The
MADQ3 is never greater than 1‰, and is the most consistent across sample sizes.
Range is strongly positively correlated with sample size (rs = 0.601, P<0.001, N = 88). SD
(rs = 0.351, P = 0.001, N = 88), IQR (rs = 0.222, P = 0.038, N = 88) and MADnorm (rs = 0.377,
P<0.001, N = 88) are weakly positively correlated with sample size. MADQ3 is not correlated
with sample size (rs = 0.111, P = 0.303, N = 88).
To assess the degree of intra-sample variability for all sites together, we considered the dif-
ference between each individual data point and its sample (site) mean and median, for data
from sites where N>4 (Fig 2). In each case, the data form a symmetrical leptokurtic distribu-
tion, i.e. with tails which are slightly fatter than found in a normal distribution, approximating
more closely a Laplace distribution (scale parameter σ = 0.7‰ for the difference from site
mean, 1.04‰ for the difference from site median). The overall range is greater than 9‰ for
both distributions, with 1415 of 1873 (75.5%) data points within 1‰ of the site mean and 1433
of 1873 (76.5%) data points within 1‰ of the site median.
Comparison of Statistical Methods of Identifying Outliers
From Fig 3, it is clear that the percentage of outliers identified at each site varies considerably
depending on the method used. Sample size plays a significant role, especially at smaller sample
numbers (less than 15 or even 25).
The use of a 2‰ spread around the sample mean was more likely to identify outliers at a
site than the other methods (Table 1). Compared to the other methods, it usually produced the
highest percentage of outliers for each sample (Fig 3 and S3 Table) and did so for every site
where N25, and for 28 out of 32 sites for 11N24). These outlier percentage estimates were
also often very high: 24 out of 88 sites where N>4 (and 11 out of 22 sites where N25) had
outlier estimates of30%. As noted above, only c. 76% of the individuals in the PID database
fall within 1‰ of their site mean or median (Fig 2).
The 1.5IQR and 3MADnorm methods were the methods least likely to identify outliers at a
site (Table 1). The 1.5IQR method estimated a maximum of 14% outliers at any one site (max
of 10% for N25). Considering all sites, the 3MADnorm method identified more outliers per
site, especially at smaller sample sizes (Fig 3 and S3 Table); at higher sample numbers (N25),
the 3MADnorm method identified a similar proportion of outliers as the 1.5IQR method, a
maximum of 12%. The two methods are in frequent agreement: they identify the same outliers
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Fig 1. Comparison of the different measures of scale for each site in the Post-Infant Dentition data-subset plotted by site sample
size, for all sites where N>4.On the left, (a) the statistic value for the range, SD, IQR and MADnorm and MADQ3. On the right, (b) the spread
encompassed by the range, and the boundary values of the methods of 2SD, 1.5IQR, 3MADnorm and 3MADQ3. Criteria of each method (2SD,
1.5IQR, 3MADnorm, 3MADQ3) as defined in the text.
doi:10.1371/journal.pone.0153850.g001
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for 64 of 88 sites (16 of 22 sites where N25), and for sites where they do differ, there are never
more than two individuals with divergent assessments. Overall, they are in disagreement for
only 31 out of 1873 (1.7%) individuals in the PID database.
In contrast, the 3MADQ3 method is more likely to identify outliers at a site (Table 1), and
identifies far more outliers per site than either the 1.5IQR or 3MADnorm methods (Fig 3 and S3
Table). These outlier percentage estimates were often very high: 10 out of 88 sites (and 5 out of
Fig 2. Histogram of the difference between each individual’s oxygen isotope value and (a) the site
mean oxygen isotopic value or (b) the site median oxygen isotopic value, for all specimens from sites
where N>4 in the Post-Infant Dentition data-subset.
doi:10.1371/journal.pone.0153850.g002
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22 sites where N25) had outlier estimates of30%. It is also rarely in agreement with either
1.5IQR or 3MADnorm estimates: of the 88 sites, the 3MADQ3 estimate differs from those of
1.5IQR or 3MADnorm for 42 and 38 sites respectively (16 and 15 of 22 sites, respectively, where
N25).
The 2SD method produced estimates of outlier percentages from 0 to 13% (between 0 to 8%
for N25), which is a lower maximum figure than for 1.5IQR, 3MADnorm and 3MADQ3 (S3
Table). However, it identified outliers at many more sites than 1.5IQR and 3MADnorm, at simi-
lar levels to 3MADQ3 (Table 1). For 19 of the 22 sites where N25, there was always at least
one outlier identified by this method, even where the overall site range was small (e.g. one
Fig 3. The proportion of outliers found at each site using the five different outlier identification
methods, plotted by site sample size, for all sites where N>4 in the Post-Infant Dentition data-subset.
For some of methods, there are multiple apparent curves for sample sizes between 5 and 25. This is an
artefact of producing estimates of either one, two or three outliers within the sample, producing “curves” of 1/x
where x is the number of outliers (i.e. 1, 2 or 3).
doi:10.1371/journal.pone.0153850.g003
Table 1. Effect of outlier identification method on the numbers of sites where outliers are identified, for the Post-Infant Dentition data-subset.
Method Number of sites where outliers
identiﬁed (of 88 sites with N>4)
% of sites where outliers
identiﬁed (of 88 sites with
N>4)
Number of sites where outliers
identiﬁed (of 22 sites with N25)
% of sites where outliers
identiﬁed (of 22 sites with
N25)
2‰ 61 69.3 21 95.5
2SD 47 53.4 19 86.4
1.5IQR 26 29.5 12 54.5
3MADnorm 33 37.5 11 50.0
3MADQ3 50 56.8 18 81.8
doi:10.1371/journal.pone.0153850.t001
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outlier at Radovesice, Czech Republic [70], where the overall range was 2.4‰, and two outliers
at Khok Phanom Di, Thailand [71], where the overall range was 2.9‰). The use of the 2SD
method tends towards the identification of 4.6% of the sample as outliers, since by definition
95.4% of a normally distributed sample around the mean lies within two standard deviations.
To assess this for the PID dataset as a whole, we converted individuals’ oxygen isotope values
to site-specific z-scores for all sites with N>4: that is, all data points from a sample were nor-
malised to a distribution with a mean of 0 and a SD of 1, such that a specimen with a z-score of
1 has a δ18O which is 1 standard deviation above the sample mean. For the 1873 individuals
from 88 sites where N>4, a plot of these z-scores shows that overall, the PID dataset z-scores
approximate a normal distribution and indeed 86 individuals or 4.59% of the data fall more
than 2SD from their site mean (Fig 4).
Spatial Assessment of Isotope Results within Europe
The sites included in this analysis show clear and expected geographic biases in the dataset
with more than half of the PID subset coming from Europe (1266 out of 2012 individuals) (Fig
5). Given the high concentration of data from Europe, and the relatively poor coverage for the
rest of the world (including the Americas), we therefore constrain our spatial assessment here
to the European data. It should be noted, however, that there are biases within Europe, with the
data generally along a north-west to south-east distribution from the UK to Croatia, and the
highest concentration in the British Isles (Fig 6). All PID European tooth enamel δ18OPO4 fall
within 13.7 to 20.7‰ (a total of 1266 individuals from 91 sites, S1 Table, Fig 7).
Fig 4. Density plot of each individual’s oxygen isotope value expressed as a z-score for all specimens
from sites where N>4 in the Post-Infant Dentition data-subset, with a fitted normal distribution curve
overlaid. Z-scores as defined in the text.
doi:10.1371/journal.pone.0153850.g004
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We examined the data from Europe by the site-specific parameters of country, latitude, lon-
gitude, altitude and δ18OMAP (Fig 8). There are statistical differences between the countries’
average values. Although there are statistically significant correlations between δ18O and each
of latitude, longitude, altitude and δ18OMAP, these are very weak, with a high degree of scatter
in the data. Tooth enamel δ18OPO4 values between c. 16 and 18‰ are found in all of the ana-
lysed countries, and across the entire range of latitude, longitude, altitude and δ18OMAP. Con-
sidering the range of δ18OMAP, 63 of the 92 analysed European sites fall in areas with δ
18OMAP
between -9 and -7‰, and all of the sites have δ18OMAP of between -10.5 and -5.8‰ (PID data-
set, Fig 8).
However, all of these comparisons include any outliers present. We can instead examine
these relationships using the boundaries of the 2SD, 1.5IQR, 3MADnorm and 3MADQ3 meth-
ods (i.e. we restrict the comparison to the δ18O values that would be defined as ‘local’ by each
method). When considering the limits of calculated ‘local’ signal of the different outlier identi-
fication methods when the data are grouped by country, latitude/longitude grid square, alti-
tude, and δ18OMAP, there remains a considerable spread and overlap of values across most of
Europe, whichever way the data are divided (Fig 9).
Given the uniformity that we have highlighted across European PID tooth enamel data, it is
noteworthy that in the full European dataset there are a number of individuals with much
lower δ18O, particularly from two sites, Volders, Austria (range from 5.2 to 16.9‰, N = 129
[72]) and Lake Inari, Finland (range from 11.9 to 13.6‰, N = 4 [49]). As these analyses are of
bone phosphate, it would be useful to examine this further using tooth enamel.
Fig 5. Map of all sites represented in the Post-Infant Dentition data-subset.Map created using ArcGIS version 10.2.2 for PC. Source: US National
Parks Service.
doi:10.1371/journal.pone.0153850.g005
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Discussion
Degree of Intra-Sample Variability
Our results indicate that sample size is an important consideration in experimental design.
Notably, sample sizes of less than c. 25 individuals give widely varying outlier percentage esti-
mates for all of the statistical methods investigated. We therefore suggest that statistical tech-
niques of outlier labelling should be used with caution for small sample sizes (N<25). Sample
size also affects which measures of scale should be chosen for describing the dataset: range is
significantly correlated with sample size, whereas MADQ3 is not and the others are correlated
only slightly.
Fig 6. Map of all European sites represented in the Post-Infant Dentition data-subset, with regional modern precipitation oxygen isotopic values
indicated.Map created using ArcGIS version 10.2.2 for PC. Precipitation data taken from Bowen 2015 [64] and Bowen and Revenaugh 2003 [65].
doi:10.1371/journal.pone.0153850.g006
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The observed values of site range are large and are usually greater than 2‰, in some cases
much larger (Fig 1 and S1 Table). When using the more robust methods of describing the data
(i.e. 1.5IQR and 3MAD), the spread encompassed within the boundaries is usually greater than
2‰ (Fig 1b and S2 Table). When we consider all sites together, only c. 76% of data points fall
within 1‰ of their site mean or median (Fig 2). While these data can not and should not be
used as a method to determine the amount of variation within a population drinking water
from the same source, they do suggest that the typical oxygen isotopic spread for a population
would likely be much greater than the 2‰ figure that has been suggested, and that it is poten-
tially very variable between sites (Fig 1, S1 and S2 Tables).
There are several possible explanations for the large variability within human oxygen isotopic
values from single archaeological sites. Firstly, these studies were performed upon samples
where migrants were expected, which may lead to large variability. Secondly, a methodological
problem, such as sampling or pre-treatment, might cause greater isotopic variability. Thirdly,
the majority of studies represent historic periods where there is likely to have been relatively
large amounts of trade, which could include food and drink. Finally, it could be that humans
simply do have a high degree of noise in our biomineral oxygen isotope signals, perhaps due to
our physiology or through variations in our diets and food preparation methods. It is likely that
more than one of these potential explanations accounts for the variation but without further
study of modern human biomineral it is not possible to determine which is the primary factor.
Comparison of Methods of Identifying Outliers
Our analyses show that the choice of statistical method has a profound impact both on whether
outliers are identified at a site, and the proportion that are found.
Fig 7. Histogram of oxygen isotope values for all European individuals in the Post-Infant Dentition
data-subset.
doi:10.1371/journal.pone.0153850.g007
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Fig 8. Oxygen isotope values for all individuals from European sites in the Post-Infant Dentition data-subset, plotted by: (a) and (b)
country, (c) latitude, (d) longitude, (e) altitude, (f) modern precipitation oxygen isotopic values (δ18OMAP). (c) Latitude is positively
correlated with δ18OPO4: rs = 0.246, P<0.001, N = 1266. (d) Longitude is negatively correlated with δ
18OPO4: rs = -0.272, P<0.001, N = 1266. (e)
Altitude is weakly negatively correlated with δ18OPO4: rs = -0.092, P<0.005, N = 1266. (f) δ
18OMAP is not correlated with δ
18OPO4: rs = 0.019,
P = 0.494, N = 1266.
doi:10.1371/journal.pone.0153850.g008
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Fig 9. The limits of the ‘local’ signal of the different outlier identification methods for European sites,
calculated: (a) by country, (b) by lat/long grid square, (c) by altitude, (d) by site-specific modern
precipitation oxygen isotopic values (δ18OMAP). Plotted for groupings with N>4. Criteria of each method
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From our observations on intra-sample variability (Fig 1), we see that most samples have a
much wider oxygen isotopic spread than 2‰. Thus, the use of a 2‰ spread is highly likely to
make false positive outlier identifications. The migrants identified in past studies where this
method has been used should be reassessed.
The 2SD method frequently identifies outliers at a site, but at low percentages. Where sam-
ple size is large enough, it tends towards an outlier proportion of 4.6%. We consider that the
method may well produce both false positive and false negative identifications depending on
the data distribution. With tightly clustered data, it will identify the tails as outliers, irrespective
of their actual isotope values. For data with many outliers, the measure of scale (SD) will be dis-
torted by those outliers (since it is a conventional and not a robust measure) and thus produce
false negatives. If this method is to be used, one should be very careful in assessing the data dis-
tribution and critically evaluating the results.
The 1.5IQR method is conservative in how many outliers are identified, and the IQR itself
increases with increasing sample size. The 3MADnorm method is also conservative in the num-
ber of outliers identified, and the MADnorm is positively correlated with sample size. The
MADQ3 is the only measure of scale not correlated with sample size, however the 3MADQ3
method identifies more outliers that either 1.5IQR or 3MADnorm. The proportion of outliers
identified is often very high, (e.g. up to 48% at the site of Machu Picchu, Peru (N = 25: [73]),
due to the often tiny calculated values of the MADQ3 statistic (Fig 1a) resulting from relatively
small sample sizes. MADQ3 should be used in preference to MADnorm where the underlying
distribution is not normal [58], however in the case of human δ18O values we consider that the
underlying population approximates to a normal distribution, as would be expected for biolog-
ical data (Fig 4), and thus MADQ3 is less appropriate than MADnorm.
Based on the above, it is clear that 2‰, 2SD and 3MADQ3 are not appropriate means of
identifying outliers from human archaeological oxygen isotope data—not because they identify
too many or two few outliers, but because they are based on less statistically valid assumptions.
1.5IQR and 3MADnorm give fairly similar and apparently sensible results. Statistically, the
3MADnorm method is more appropriate because MADnorm is a more robust way of describing
the data than the IQR [74], but does the choice between these two methods have a notable
impact when applied to human oxygen isotope analysis?
(2SD, 1.5IQR, 3MADnorm, 3MADQ3) as defined in the text. (a) Full data in S4 Table, the countries are
statistically different: H(8) = 297.67, P<0.001. (b) Full data including alphanumeric codes in S5 Table, the grid
squares are statistically different: H(12) = 312.50, P<0.001. (c) Full data in S6, data binned in 150m intervals,
the altitudinal groups are statistically different: H(4) = 155.94, P<0.001. (d) Full data in S7 Table, δ18OMAP
data binned in 1‰ intervals, the precipitation oxygen isotope groups are statistically different: H(3) = 93.78,
P<0.001.
doi:10.1371/journal.pone.0153850.g009
Table 2. Descriptive statistics for data in the Post-Infant Dentition data-subset from the sites of Velim-Velištak, Kaminaljuyu and Ban NonWat, in
comparison to the numbers of outliers found using the five different outlier identification methods.
Site N Mean
(‰)
SD
(‰)
Median
(‰)
Range
(‰)
Skewness
±SE
Kurtosis
±SE
Outlier
N: 2‰
Outlier
N: 2SD
Outlier N:
1.5IQR
Outlier N:
3MADnorm
Outlier N:
3MADQ3
Ban Non
Wat
89 17.8 0.7 17.8 3.5 -0.16 ±0.26 0.00 ±0.51 17 6 0 0 9
Kaminaljuyu 90 17.0 1.3 16.6 6.2 1.20 ±0.25 1.09 ±0.50 32 7 9 11 22
Velim-
Velištak
91 17.5 1.6 17.8 6.6 -0.18 ±0.25 -0.54
±0.50
50 2 0 0 34
doi:10.1371/journal.pone.0153850.t002
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We consider the three sites with the highest sample size (c. 90) within the PID dataset, Ban
NonWat [75], Kaminaljuyu [38, 76, 77] and Velim Velištak [56] (Table 2, Fig 10) which have
very similar mean values but differently shaped distributions (median, range, skewness and
kurtosis). For both Ban NonWat and Velim Velištak no outliers are identified using either
1.5IQR and 3MADnorm methods, whereas at Kaminaljuyu 9 outliers are identified using the
1.5IQR method and 11 using the 3MADnorm method.
The results using the 1.5IQR and 3MADnorm methods fit well with a visual inspection of the
data at all three sites. Velim Velištak has a wide spread of values but none of these are distinct
compared to the other data. Ban NonWat has a smaller spread of values, which approximates
a normal distribution, and again none of the values are distinct compared to the other data. On
the other hand, Kaminaljuyu has a wide spread of values and the distribution is skewed (mean
Fig 10. Histograms of data in the Post-Infant Dentition data-subset from the sites of Ban NonWat,
Kaminaljuyu and Velim-Velištak. Data from: Ban NonWat—King et al. 2013; Kaminaljuyu—White et al.
2000, Wright et al. 1998, Wright et al. 2010; Velim Velištak—Lightfoot et al. 2014. Note that specimens from
Kaminaljuyu have been analysed in multiple studies.
doi:10.1371/journal.pone.0153850.g010
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—median = 0.45‰, skewness = 1.20±0.25). The IQR and MADnorm methods are inefficient
with skewed datasets, and specific methods exist for these circumstances (e.g. adjusted boxplots
[78] and absolute pairwise differences [79]). However, with human oxygen isotope data, we do
not consider skewness to be problematic as the underlying population is highly likely to be nor-
mal and skewed data may well indicate a sample with outliers. We can contrast the data from
Kaminaljuyu and Velim Velištak: Kaminaljuyu has a smaller range (6.2‰) than Velim Velištak
(6.6‰) but the Kaminaljuyu data are skewed whereas the Velim Velištak data are not. From
the distribution of the data, it is reasonable to infer that there are outliers at Kaminaljuyu but
not at Velim Velištak, and this is what both of the techniques determine.
The two methods produce different estimates of outlier numbers at Kaminaljuyu. The data-
set has a tail to the positive side of the distribution but the question is, which of these values
deviate significantly enough from the underlying population as to represent outliers? Visual
inspection does not make it clear how many outliers there are. The statistical methods tell us
that 9 (from 1.5IQR) or 11 (from 3MADnorm) outliers are present, and here we come to a sub-
jective judgement as to which estimate represents the real ‘anomalies’–both seem reasonable
from the distribution of the data. This is different from whether the numbers of outliers seem
reasonable from an archaeological perspective, however, in general, whether the sample has 9
or 11 outliers (out of a sample size of 90) is unlikely to have a meaningful impact on archaeo-
logical interpretations.
There are, however, situations where neither of these methods is appropriate. These tech-
niques cannot be used on bimodal data, such as would arise within a population where sub-sets
of the population systematically consume different proportions of water with different δ18O
values. In such a case simple statistical methods applied at the population level are unlikely to
be able to produce meaningful estimates of outliers.
In summary, we suggest that the 1.5IQR or 3MADnorm methods are appropriate in most
cases—they are robust to outliers and efficient on contaminated data (i.e. data that includes
outliers). We acknowledge that they are less efficient on clean normally-distributed data, but
they are the most suitable for small and ‘messy’ archaeological datasets. Using these methods is
not difficult: the calculations for both methods can be performed using R and SPSS [58] and
we would suggest that in archaeological studies both are used and the results compared. In
studies combining two isotopic systems, (e.g. oxygen and strontium), the IQR method can be
extended to two dimensions by the use of a ‘bagplot’ [80].
Comparison of Isotope Results between Regions
Our assessment of oxygen isotope studies globally reveals that there is great disparity in the
distribution of human oxygen isotope analyses across the world (Fig 5). As with many archaeo-
logical distribution maps, this reflects archaeological research, in terms of excavation, bioarch-
aeologists and publication, rather than the reality of past population distribution. A large
number of sites in Europe have been analysed, and a fairly large number of studies from the
Americas. Sites in Africa, Asia and Australasia are poorly represented. Even within Europe, the
data are biased with the UK being very well-represented with relatively few studies conducted
in the rest of Europe (Fig 6). This limits our understanding of the past and highlights the need
for more archaeological research in these under-studied regions.
The comparison of the PID data within Europe shows differences between countries, and
correlations with latitude, longitude, altitude and δ18OMAP, as expected given previous studies,
but with a high degree of scatter (Fig 8). Thus, when converted to boundaries to delimit outli-
ers, there is a large degree of isotopic overlap regardless of how the data are divided (i.e. by
country, latitude and longitude, altitude, δ18OMAP: Fig 9). Phosphate oxygen isotope values
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between 16 and 17‰ (or even 14 to 18‰) are very common across Europe, such that an indi-
vidual with such a value could, theoretically at least, have been born in any of the areas cur-
rently studied. There are two potential reasons for this large degree of overlap, and it is likely
that both contribute to the problem. Firstly, that human behaviour and physiology lead to large
ranges of oxygen isotope values in populations with access to the same drinking water source
(s). The typical amount of variation seen in the studies collated here has been discussed above,
but is at least 3‰ (S2 Table). Secondly, that the sites studied so far in Europe are in areas with
similar precipitation oxygen isotope values (mostly between -9 and -6.5‰). It stands to reason
that if the precipitation values are similar then the human values will also be similar. These two
problems combined make the application of oxygen isotope studies to Europe difficult, at least
in terms of the areas of Europe that have been studied to date: the variation in precipitation
mean annual oxygen isotope values across two-thirds of the sites studied so far in Europe is less
than the variation one would expect to find in a human population drinking water from the
same source. The correlations between human bioapatite δ18O and precipitation δ18O [17, 18]
or drinking (tap) water δ18O [16, 49] are apparent over a wide range of δ18Owater, ca. 20‰ [50].
When focussing in on a smaller range, both geographically and in terms of precipitation δ18O,
the resolving power of the technique is limited as a result of the isotopic spread within a popu-
lation due to biological noise and the relatively small spread of precipitation δ18O across
Europe. This has implications for the application of the technique not just in archaeology, but
also in forensics and ecology. It would be very interesting to analyse individuals from the south
coast of Iberia or northern Scandinavia in order to characterise the full extent of variation that
one could expect in human oxygen isotope values within Europe.
Nevertheless, there is some cause for optimism. Weak correlations do exist with latitude,
longitude and δ18OMAP, as has been found in other studies of humans [34]. With a large sample
size, small yet significant differences in mean isotope values have been found between groups
of individuals from east and west Britain, showing that isotopic differences exist across rela-
tively small geographical areas [46]. Even with the low coverage of data across Europe dis-
cussed here, there are areas that have distinct isotope values in the full dataset: Finland, Ireland
and Austria have humans with values below 14‰, notably different to the other countries con-
sidered (S7 Fig). This would suggest that the technique should work best in areas, such as the
Alps and northern Scandinavia, which have distinct precipitation oxygen isotope values com-
pared to the surrounding regions, given a sufficient sample size.
Conclusion
This study has shown that the range of human δ18O values within most archaeological popula-
tions is probably greater than 3‰. The reasons for this large variation likely include physiologi-
cal factors, human modification of drinking water, importation of food and drink, and the use
of multiple sources of water with different oxygen isotope values.
When using statistical techniques, both sample size and the choice of statistical method
have a profound effect on the number of outliers identified. We recommend the use of both the
1.5IQR and 3MADnorm methods to as large a sample size as is feasible. Care should be taken
when using statistical methods where the sample size is less than 25. Researchers should recog-
nise that there is a trade off between sensitivity to outliers and false positive or negative identifi-
cations, as well as a degree of subjectivity in the identification of real anomalies (significantly
interesting deviations) amongst the noise. All statistical results should be considered in the
light of common sense: is the proportion of outliers identified sensible and realistic for the spe-
cific archaeological context? All isotopic data are best interpreted in conjunction with all other
available evidence, including archaeological and osteological evidence, and complementary
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isotopic data (e.g. strontium). Parsimonious explanations are to be preferred so as not to pres-
ent unrealistic scenarios.
Given the large oxygen isotopic variation within archaeological human samples, the limited
amount of geographic variation in precipitation oxygen isotope values is challenging. The
results presented here show that if one considers a single result from a European individual it is
not possible to determine where in Europe that individual is from, as the European regions
analysed to date cannot be distinguished solely on the basis of oxygen isotope values. Given
this conclusion, any attempt to identify the specific potential homeland of identified migrants
is inadvisable. In most circumstances, however, knowing that an individual has migrated a
long distance is sufficient to answer the archaeological question posed. When there is other
archaeological information to suggest a potential homeland for migrants (see, for example,
[55]), stable isotope analysis can refute, but not confirm, such a hypothesis.
Despite these difficulties human oxygen isotope data do, in general, show correlations with
geographical parameters. The technique is not fundamentally flawed per se—it is more that the
typical variation in human oxygen isotope values is larger than has usually hitherto been
assumed.
In summary, statistical techniques can help to identify first-generation migrants from oxy-
gen isotope analysis of an archaeological sample. However, securely identifying migrants is not
straightforward. Unless there have been a significant number of previous analyses in an area,
each sample should be treated as an individual dataset and in most cases identification of a
homeland should not be attempted.
Supporting Information
S1 Appendix. Robustness in measures of scale & Calculation of the median absolute devia-
tion from the median.
(PDF)
S1 Fig. Comparison of the different measures of scale for each site in the full dataset plotted
by site sample size, for all sites where N>4.On the left, (a) the statistic value for the range,
SD, IQR and MADnorm and MADQ3. On the right, (b) the spread encompassed by the range,
and the boundary values of the methods of 2SD, 1.5IQR, 3MADnorm and 3MADQ3. Criteria of
each method (range, 2SD, 1.5IQR, 3MADnorm, 3MADQ3) as defined in the text.
(EPS)
S2 Fig. Histogram of the difference between each individual’s oxygen isotope value and (a)
their site mean oxygen isotopic value or (b) their site median oxygen isotopic value, for all
specimens from sites where N>4 in the full dataset.
(EPS)
S3 Fig. The proportion of outliers found at each site using the five different outlier identifi-
cation methods, plotted by site sample size, for all sites where N>4 in the full dataset. For
some of methods, there are multiple curves apparent for sample sizes between 5 and 25. this is
an artefact of producing estimates of either one, two or three outliers within the sample, pro-
ducing “curves” of 1/x where x is the number of outliers (i.e. 1, 2 or 3).
(EPS)
S4 Fig. Density plot of each individual’s oxygen isotopic value expressed as Z score for all
specimens from sites where N>4 in the full dataset, with a fitted normal distribution curve
overlaid. Z-scores as defined in the text. For the 3820 individuals from 159 sites where N>4, a
plot of these z-scores shows that overall, the full dataset z-scores approximate a normal
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distribution and 174 individuals or 4.56% of the data fall more than 2SD from their site mean.
(EPS)
S5 Fig. Map of sites represented in the full dataset.Map created using ArcGIS version 10.2.2
for PC. Source: US National Parks Service.
(TIF)
S6 Fig. Map of all European sites represented in the full dataset, with regional modern pre-
cipitation oxygen isotopic values indicated.Map created using ArcGIS version 10.2.2 for PC.
Precipitation data taken from Bowen 2015 [64] and Bowen and Revenaugh 2003 [65].
(TIF)
S7 Fig. Histogram of each individual’s oxygen isotopic value for all European individuals
in the full dataset.
(EPS)
S8 Fig. Oxygen isotope values for all individuals from European sites in the full dataset,
plotted by: (a) and (b) country, (c) latitude, (d) longitude, (e) altitude, (f) modern precipi-
tation oxygen isotopic values (δ18OMAP). (c) Latitude is positively correlated with δ
18OPO4:
rs = 0.323, P<0.001, N = 1756. (d) Longitude is negatively correlated with δ
18OPO4: rs =
-0.336, P<0.001, N = 1756. (e) Altitude is negatively correlated with δ18OPO4: rs = -0.337,
P<0.001, N = 1756. (f) δ18OMAP is positively correlated with δ
18OPO4: rs = 0.190, P<0.001,
N = 1756.
(EPS)
S9 Fig. The limits of the ‘local’ δ18OPO4 signal of the different outlier identification meth-
ods for European data, calculated: (a) by country, (b) by lat/long grid square, (c) by alti-
tude, (d) by site-specific modern precipitation oxygen isotopic values (δ18OMAP). Plotted
for groupings with N>4. Criteria of each method (range, 2SD, 1.5IQR, 3MADnorm, 3MADQ3)
as defined in the text. (a) Full data in S4 Table, the countries are statistically different: H(15) =
738.82, P<0.001. (b) Full data including alphanumeric codes in S5 Table, the grid squares are
statistically different: H(17) = 631.82, P<0.001. (c) Full data in S6 Table, data binned in 150m
intervals, the altitudinal groups are statistically different: H(5) = 545.61, P<0.001. (d) Full data
in S7 Table, δ18OMAP data binned in 1‰ intervals, the precipitation oxygen isotope groups are
statistically different: H(3) = 372.52, P<0.001.
(EPS)
S1 Table. Summary of isotopic variation within each site, described using different statis-
tics, with the data grouped by site sample size.
(PDF)
S2 Table. Isotopic spread encompassed by the boundaries of the different outlier identifica-
tion methods for each site, with the data grouped by site sample size.
(PDF)
S3 Table. Descriptive statistics, the isotopic spread of the criteria of the different outlier
identification methods, and the numbers and percentage of outliers found using the five
different methods for each site in the Post Infant Dentition data subset where N>4.
(PDF)
S4 Table. The limits of the ‘local’ δ18OPO4 signal calculated by the different outlier identifi-
cation methods for each country, for European data.
(PDF)
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S5 Table. The limits of the ‘local’ δ18OPO4 signal calculated by the different outlier identifi-
cation methods for each latitude/longitude grid square, for European data.
(PDF)
S6 Table. The limits of the ‘local’ δ18OPO4 signal calculated by the different outlier identifi-
cation methods for European data grouped by altitude.
(PDF)
S7 Table. The limits of the ‘local’ δ18OPO4 signal calculated by the different outlier identifi-
cation methods for European data grouped by site-specific modern precipitation oxygen
isotopic values (δ18OMAP).
(PDF)
Acknowledgments
We would like to thank the Dorothy Garrod Isotope Group in Cambridge, for their discussion
of the points addressed in this article. We are grateful to Dr Luca Bondioli and the three review-
ers for very useful comments that improved the paper.
The maps in Figs 5 and 6 were created using ArcGIS1 software by Esri. ArcGIS1 and Arc-
Map™ are the intellectual property of Esri and are used herein under license. Copyright Esri. All
rights reserved. For more information about Esri1 software, please visit www.esri.com.
Author Contributions
Analyzed the data: EL TCO. Wrote the paper: EL TCO. Conceived the study: EL TCO. Collated
the database: EL.
References
1. Chenery C. Amesbury Archer may have come from Central Europe. TrAC-Trends in Analytical Chemis-
try. 2003; 22(3):III–III.
2. Dupras TL, Schwarcz HP. Strangers in a Strange Land: Stable isotope evidence for humanmigration in
the Dakhleh Oasis, Egypt. Journal of Archaeological Science. 2001; 28(11):1199–208.
3. White CD, Spence MW, Longstaffe FJ, Law KR. Demography and ethnic continuity in the Tlailotlacan
enclave of Teotihuacan: the evidence from stable oxygen isotopes. Journal of Anthropological Archae-
ology. 2004; 23(4):385–403.
4. White CD, Spence MW, Lognstaffe FJ, Stuart-Williams H, Law KR. Geographic identities of the sacrifi-
cial victims from the Feathered Serpent Pyramid, Teotihuacan: Implications for the nature of state
power. Latin American Antiquity. 2002; 13(2):217–36.
5. Aggarwal C. Outlier analysis. New York: Springer; 2013.
6. Bowen GJ, Wilkinson B. Spatial distribution of δ18O in meteoric precipitation. Geology. 2002; 30
(4):315–8.
7. Bryant JD, Koch PL, Froelich PN, Showers WJ, Genna BJ. Oxygen isotope partitioning between phos-
phate and carbonate in mammalian apatite. Geochimica et Cosmochimica Acta. 1996; 60(24):5145–8.
8. Sharp ZD. Principles of stable isotope geochemistry. New Jersey: Prentice Hall; 2007.
9. Dansgaard W. Stable isotopes in precipitation. Tellus. 1964; 16:436–68.
10. Rozanski K, Araguas-Araguas L, Gonfiantini R. Isotopic patterns in modern global precipitation. Geo-
physical Monograph. 1993; 78:1–36.
11. Lawrence JR, White JWC. The elusive climate signal in the isotopic composition of precipitation. In:
Taylor HP, O'Neil JR, Kaplan IR, editors. Stable isotope geochemistry: A tribute to Samuel Epstein. St
Louis, Missouri: The Geochemical Society; 1991.
12. van Dam JA, Reichart GJ. Oxygen and carbon isotope signatures in late Neogene horse teeth from
Spain and application as temperature and seasonality proxies. Palaeogeography Palaeoclimatology
Palaeoecology. 2009; 274(1–2):64–81.
Use of Biomineral Oxygen Isotope Data to Identify Human Migrants in the Archaeological Record
PLOS ONE | DOI:10.1371/journal.pone.0153850 April 28, 2016 26 / 29
13. Daux V, Lecuyer C, Adam F, Martineau F, Vimeux F. Oxygen isotope composition of human teeth and
the record of climate changes in France (Lorraine) during the last 1700 years. Climatic Change. 2005;
70(3):445–64.
14. Gat JR. Comments on stable isotope method in regional groundwater investigations. Water Resources
Research. 1971; 7(4):980–93.
15. Gat JR, Dansgaard W. Stable isotope survey of the fresh water occurrences in Israel and the Northern
Jordan Rift Valley. Journal of Hydrology. 1972; 16(3):177–212.
16. Daux V, Lecuyer C, Heran M-A, Amiot R, Simon L, Fourel F, et al. Oxygen isotope fractionation
between human phosphate and water revisited. Journal of Human Evolution. 2008; 55:1138–47. doi:
10.1016/j.jhevol.2008.06.006 PMID: 18721999
17. Longinelli A. Oxygen isotopes in mammal bone phosphate: A new tool for paleohydrological and paleo-
climatological research? Geochimica et Cosmochimica Acta. 1984; 48(2):385–90.
18. Luz B, Kolodny Y. Oxygen isotope variations in phosphate of biogenic apatites, IV. Mammal teeth and
bones. Earth and Planetary Science Letters. 1985; 75(1):29–36.
19. Brettell R, Montgomery J, Evans J. Brewing and stewing: the effect of culturally mediated behaviour on
the oxygen isotope composition of ingested fluids and the implications for human provenance studies.
Journal of Analytical Atomic Spectrometry. 2012; 27(5):778–85.
20. Roberts SB, CowardWA, Ewing G, Savage J, Cole TJ, Lucas A. Effect of weaning on accuracy of dou-
bly labeled water method in infants. American Journal of Physiology. 1988; 254(4):R622–R7. PMID:
3354710
21. Lin GP, Rau YH, Chen YF, Chou CC, FuWG. Measurements of δD and δ18O stable isotope ratios in
milk. Journal of Food Science. 2003; 68(7):2192–5.
22. Warinner C, Tuross N. Alkaline cooking and stable isotope tissue-diet spacing in swine: archaeological
implications. Journal of Archaeological Science. 2009; 36(8):1690–7.
23. Schoeller DA, Leitch CA, Brown C. Doubly labeled water method: in vivo oxygen and hydrogen isotope
fractionation. American Journal of Physiology—Regulatory, Integrative and Comparative Physiology.
1986; 251:R1137–43.
24. WongWW, Lee LS, Klein PD. Deuterium andO-18measurements onmicroliter samples of urine, plasma,
saliva, and human-milk. American Journal of Clinical Nutrition. 1987; 45(5):905–13. PMID: 3578092
25. Bryant JD, Luz B, Froelich PN. Oxygen isotope composition of fossil horse tooth phosphate as a record
of continental paleoclimate. Palaeogeography, Palaeoclimatology, Palaeoecology. 1994; 107:303–16.
26. D'Angela D, Longinelli A. Oxygen isotopes in living mammal's bone phosphate: Further results. Chemi-
cal Geology. 1990; 86(1):75–82.
27. Epstein S, Zeiri L. Oxygen and carbon isotopic compositions of gases respired by humans. Proceed-
ings of the National Academy of Sciences of the United States of America. 1988; 85(6):1727–31.
PMID: 3162303
28. O'Grady SP, Wende AR, Remien CH, Valenzuela LO, Enright LE, Chesson LA, et al. Aberrant water
homeostasis detected by stable isotope analysis. Plos One. 2010; 5(7).
29. Reitsema LJ, Crews DE. Brief Communication: Oxygen isotopes as a biomarker for sickle-cell disease?
results from transgenic mice expressing human hemoglobin S genes. American Journal of Physical
Anthropology. 2011; 145(3):495–8. doi: 10.1002/ajpa.21513 PMID: 21541922
30. Widory D. Oxygen and nitrogen isotopic fractionations during human respiration. Comptes Rendus
Biologies. 2004; 327(8):729–34. PMID: 15506521
31. Zanconato S, Cooper DM, Armon Y, Epstein S. Effect of increased metabolic-rate on oxygen isotopic
fractionation. Respiration Physiology. 1992; 89(3):319–27. PMID: 1410845
32. Tuross N, Warinner C, Kirsanow K, Kester C. Organic oxygen and hydrogen isotopes in a porcine con-
trolled dietary study. Rapid Communications in Mass Spectrometry. 2008; 22(11):1741–5. doi: 10.
1002/rcm.3556 PMID: 18446769
33. Podlesak DW, Torregrossa A-M, Ehleringer JR, Dearing MD, Passey BH, Cerling TE. Turnover of oxy-
gen and hydrogen isotopes in the body water, CO2, hair, and enamel of a small mammal. Geochimica
et Cosmochimica Acta. 2008; 72(1):19–35.
34. Ehleringer JR, Bowen GJ, Chesson LA, West AG, Podlesak DW, Cerling TE. Hydrogen and oxygen
isotope ratios in human hair are related to geography. Proceedings of the National Academy of Sci-
ences of the United States of America. 2008; 105(8):2788–93. doi: 10.1073/pnas.0712228105 PMID:
18299562
35. Chenery CA, Pashley V, Lamb AL, Sloane HJ, Evans JA. The oxygen isotope relationship between the
phosphate and structural carbonate fractions of human bioapatite. Rapid Communications in Mass
Spectrometry. 2012; 26(3):309–19. doi: 10.1002/rcm.5331 PMID: 22223318
Use of Biomineral Oxygen Isotope Data to Identify Human Migrants in the Archaeological Record
PLOS ONE | DOI:10.1371/journal.pone.0153850 April 28, 2016 27 / 29
36. Koch PL, Tuross N, Fogel ML. The effects of sample treatment and diagenesis on the isotopic integrity
of carbonate in biogenic hydroxylapatite. Journal of Archaeological Science. 1997; 24:417–29.
37. Lee-Thorp JA, van der Merwe NJ. Aspects of the chemistry of modern and fossil biological apatites.
Journal of Archaeological Science. 1991; 18:343–54.
38. Wright LE, Schwarcz HP. Stable carbon and oxygen isotopes in human tooth enamel: Identifying
breastfeeding and weaning in prehistory. American Journal of Physical Anthropology. 1998; 106:1–18.
PMID: 9590521
39. Schwarcz HP, Gibbs L, Knyf M. Oxygen isotope analysis as an indicator of place of origin. In: Pfeiffer S,
Williamson RF, editors. Snake Hill: An investigation of a military cemetery from the war of 1812.
Toronto: Dundurn Press; 1991. p. pp 263–8.
40. Global Network of Isotopes in Precipitation [Internet]. The GNIP Database. Accessible at: http://www.
iaea.org/water. 2015.
41. Balasse M, Smith AB, Ambrose SH, Leigh SR. Determining sheep birth seasonality by analysis of tooth
enamel oxygen isotope ratios: The late stone age site of Kasteelberg (South Africa). Journal of Archae-
ological Science. 2003; 30(2):205–15.
42. Balasse M, Tresset A, Ambrose SH. Stable isotope evidence (delta C-13, delta O-18) for winter feeding
on seaweed by Neolithic sheep of Scotland. Journal of Zoology. 2006; 270(1):170–6.
43. O'Connell TC, Healey MA, Hedges REM, Simpson AHW. Isotopic comparison of hair, bone and nail:
modern analyses. Journal of Archaeological Science. 2001; 28:1247–55.
44. Reade H, Stevens RE, Barker G, O'Connell TC. Tooth enamel sampling strategies for stable isotope
analysis: Potential problems in cross-method data comparisons. Chemical Geology. 2015; 404:126–
35.
45. Chenery C, Muldner G, Evans J, Eckardt H, Lewis M. Strontium and stable isotope evidence for diet
and mobility in Roman Gloucester, UK. Journal of Archaeological Science. 2010; 37:150–63.
46. Evans JA, Chenery CA, Montgomery J. A summary of strontium and oxygen isotope variation in
archaeological human tooth enamel excavated from Britain. Journal of Analytical Atomic Spectrometry.
2012; 27(5):754–64.
47. DarlingW, Bath A, Talbot J. The O and H stable isotopic composition of fresh waters in the British Isles.
2 Surface waters and groundwater. Hydrology and Earth System Sciences. 2003; 7:183–95.
48. Salesse K, Dufour E, Castex D, Veleminsky P, Santos F, Kucharova H, et al. Life history of the individu-
als buried in the St. Benedict cemetery (Prague, 15th-18th centuries): Insights from 14C dating and sta-
ble isotope (δ13C, δ15N, δ18O) analysis. American Journal of Physical Anthropology. 2013; 151:202–
14. doi: 10.1002/ajpa.22267 PMID: 23588853
49. Levinson AA, Luz B, Kolodny Y. Variations in oxygen isotopic compositions of human teeth and urinary
stones. Applied Geochemistry. 1987; 2:367–71.
50. Pollard AM, Pellegrini M, Lee-Thorp JA. Technical Note: Some observations on the conversion of den-
tal enamel δ18Op values to δ
18Ow to determine humanmobility. American Journal of Physical Anthro-
pology. 2011; 145(3):499–504. doi: 10.1002/ajpa.21524 PMID: 21541927
51. Pryor AJE, Stevens RE, O'Connell TC, Lister JR. Quantification and propagation of errors when con-
verting vertebrate biomineral oxygen isotope data to temperature for palaeoclimate reconstruction.
Palaeogeography Palaeoclimatology Palaeoecology. 2014; 412:99–107.
52. Hawkins D. Identification of outliers. London: Chapman and Hall; 1980.
53. Barnett V, Lewis T. Outliers in statistical data. 3rd ed. ed. Chichester: Wiley; 1994.
54. Johnson RA, Wichern DW. Applied multivariate statistical analysis. 6th ed. ed. Upper Saddle River,
New Jersey: Pearson Prentice Hall; 2007.
55. Eckardt H, Chenery C, Booth P, Evans JA, Lamb A, Muldner G. Oxygen and strontium isotope evi-
dence for mobility in RomanWinchester. Journal of Archaeological Science. 2009; 36:2816–25.
56. Lightfoot E, Slaus M, O'Connell TC. Water consumption in Iron Age, Roman and Early Medieval Croa-
tia. American Journal of Physical Anthropology. 2014; 154:535–43. doi: 10.1002/ajpa.22544 PMID:
24888560
57. Seo S. A review and comparison of methods for detecting outliers in univariate data sets: University of
Pittsburgh. Accessible at: http://d-scholarship.pitt.edu/7948/2006.
58. Leys C, Ley C, Klein O, Bernard P, Licata L. Detecting outliers: Do not use standard deviation around
the mean, use absolute deviation around the median. Journal of Experimental Social Psychology.
2013; 49(4):764–6.
59. Pearson J, Grove M. Counting sheep: Sample size and statistical inference in stable isotope analysis
and palaeodietary reconstruction. World Archaeology. 2013; 45(3):373–87.
Use of Biomineral Oxygen Isotope Data to Identify Human Migrants in the Archaeological Record
PLOS ONE | DOI:10.1371/journal.pone.0153850 April 28, 2016 28 / 29
60. Buckberry J, Montgomery J, Towers J, Muldner G, Holst M, Evans J, et al. Finding Vikings in the Dane-
law. Oxford Journal of Archaeology. 2014; 33(4):413–34.
61. Leach S, Eckardt H, Chenery C, Muldner G, Lewis M. A Lady of York: migration, ethnicity and identity in
Roman Britain. Antiquity. 2011; 84(323):131–45.
62. Muldner G, Chenery C, Eckardt H. The 'Headless Romans': multi-isotope investigations of an unusual
burial ground from Roman Britain. Journal of Archaeological Science. 2011; 38(2):280–90.
63. Coplen TB, Kendall C, Hopple J. Comparison of stable isotope reference samples. Nature. 1983; 302
(5905):236–8.
64. Gridded maps of the isotopic composition of meteoric waters [Internet]. Accessed at: http://www.
waterisotopes.org. 2015.
65. Bowen GJ, Revenaugh J. Interpolating the isotopic composition of modern meteoric precipitation.
Water Resources Research. 2003; 39(10).
66. Grimes V, Pellegrini M. A comparison of pretreatment methods for the analysis of phosphate oxygen
isotope ratios in bioapatite. Rapid Communications in Mass Spectrometry. 2013; 27(3):375–90. doi: 10.
1002/rcm.6463 PMID: 23280969
67. Pellegrini M, Snoeck C. Comparing bioapatite carbonate pre-treatments for isotopic measurements:
Part 2—Impact on carbon and oxygen isotope compositions. Chemical Geology. 2016; 420:88–96.
68. Pestle WJ, Crowley BE, Weirauch MT. Quantifying inter-laboratory variability in stable isotope analysis
of ancient skeletal remains. Plos One. 2014; 9(7).
69. Santana-Sagredo F, Lee-Thorp JA, Schulting R, Uribe M. Isotopic evidence for divergent diets and
mobility patterns in the Atacama Desert, Northern Chile, during the Late Intermediate Period (AD 900–
1450). American Journal of Physical Anthropology. 2015; 156(3):374–87. doi: 10.1002/ajpa.22663
PMID: 25385676
70. Scheeres M, Knipper C, Hauschild M, Schoenfelder M, Siebel W, Pare C, et al. "Celtic migrations": Fact
or fiction? Strontium and oxygen isotope analysis of the Czech cemeteries of Radovesice and Kutna
Hora in Bohemia. American Journal of Physical Anthropology. 2013; 155:496–512.
71. Bentley RA, Tayles N, Higham C, Macpherson C, Atkinson TC. Shifting gender relations at Khok Pha-
nom Di, Thailand—Isotopic evidence from the skeletons. Current Anthropology. 2007; 48(2):301–14.
72. McGlynn GC. Using 13C-, 15N- and 18O stable isotope analysis of human bone tissue to identify trans-
humance, high altitude habitation and reconstruct palaeodiet for the early medieval Alpine population at
Volders, Austria. Munich: University of Munich; 2007.
73. Turner BL, Kamenov GD, Kingston JD, Armelagos GJ. Insights into immigration and social class at
Machu Picchu, Peru based on oxygen, strontium, and lead isotopic analysis. Journal of Archaeological
Science. 2009; 36(2):317–32.
74. Rousseeuw PJ, Hubert M. Robust statistics for outlier detection. Wiley Interdisciplinary Reviews—Data
Mining and Knowledge Discovery. 2011; 1(1):73–9.
75. King CL, Bentley RA, Tayles N, Viðarsdóttir US, Nowell G, Macpherson CG. Moving peoples, changing
diets: Isotopic differences highlight migration and subsistence changes in the Upper Mun Valley, Thai-
land. Journal of Archaeological Science. 2013; 40:1681–8.
76. White CD, Spence MW, Longstaffe FJ, Law KR. Testing the nature of Teotihuacan imperialism at Kami-
naljuyu using phosphate oxygen-isotope ratios. Journal of Anthropological Research. 2000; 56(4):535–
58.
77. Wright LE, Valdes JA, Burton JH, Price TD, Schwarcz HP. The children of Kaminaljuyu: Isotopic insight
into diet and long distance interaction in Mesoamerica. Journal of Anthropological Archaeology. 2010;
29(2):155–78.
78. Hubert M, Vandervieren E. An adjusted boxplot for skewed distributions. Computational Statistics &
Data Analysis. 2008; 52(12):5186–201.
79. Rousseeuw PJ, Croux C. Alternatives to the median absolute deviation. Journal of the American Statis-
tical Association. 1993; 88(424):1273–83.
80. Rousseeuw PJ, Ruts I, Tukey JW. The bagplot: A bivariate boxplot. American Statistician. 1999; 53
(4):382–7.
Use of Biomineral Oxygen Isotope Data to Identify Human Migrants in the Archaeological Record
PLOS ONE | DOI:10.1371/journal.pone.0153850 April 28, 2016 29 / 29
